Abstract The plasma parameters of planar-type surface-wave plasmas (SWPs) are diagnosed based on the resonant excitation of surface plasmon polaritons (SPPs). The plasma parameter distributions are obtained by changing the discharge conditions of gas pressure and incident power. The measured experimental results show that the plasma near the heating layer is excited by surface waves of SPPs while the plasma located downstream originates from diffusion Moreover, the influence of high-frequency oscillations plays a significant role in producing the proposed SWPs with bi-Maxwellian electron energy distributions.
Introduction
A great deal of attention has recently been paid to surface-wave plasma (SWP) extensively used for various potential applications in industry, for example, SWPs are often applied to the production of microelectronics for flat-panel displays and thin-film photovoltaic solar panels. The industrial applications of plasma reactors require more uniform film deposition or selected etching over the whole substrate. As a consequence, plasma parameter distributions are becoming the dominant factor in determining processing uniformity in plasma processing equipment. Among various plasma devices, the planar-type SWP source is an advanced plasma source, which satisfies the above rigorous requirement for large-area plasma processing. As yet, SWPs have been exhaustively investigated both theoretically and experimentally [1, 2] . For example, SUGAI H, et al. [1] reported the significance of surface waves on the production of high-density plasmas. ZHAN R J, et al. [3] studied respectively the influence of the incident microwave power, the gaseous component, the gas pressure and the shape of the coupler antenna on the generation of plasma. KOU C S, et al. [4, 5] presented plasma resonance for waves in the plasma guided by a vane-type slow wave structure. LIANG R Q, et al. [6, 7] recently reported surface plasmon polaritons (SPPs) excited in their SWP setup. Our previous work [8∼13] proposed over-dense plasma heating based on the resonant excitation of SPPs.
To address these concerns over SWPs excited by SPPs, our previous work has reported a higher ratio of uniformity discharge, a higher discharge efficiency and a higher density producer than that of traditional SWP sources [8∼10] . Surface wave analysis [11] and spatiotemporal evolution of SPPs [12] for the proposed SWP sources have also been presented in previous articles. Moreover, most of the chamber structures reported in the literature are circular cylinders. However, a rectangular cavity is proposed in our previous articles so that the breadth of the cavity can be readily enlarged to realize a large-scale section that meets the requirements of plasma industrial applications [13] . Although a good deal of research has been reported in this domain, experimental plasma parameters and its distributions have not been comprehensively presented regarding our newly designed SWP source excited by SPPs, which may exhibit some special features different from experiments using traditional SWP sources. Therefore, the purpose of this paper is to investigate the measured plasma parameter distributions and provide some constructive discharge conditions of the proposed SWP for applications in potential plasma processing.
This paper is organized as follows. A brief introduction of experimental setups and experiment operation are presented in section 2, followed in section 3 by results and discussions on the measured plasma parameters with different discharge conditions. Conclusions are drawn in section 4.
Experiments on SWPs

Experimental setup
This experimental study on a specially designed SWP source has been reported in detail in our previous paper [8∼10] . The dimensions of the cavity are 46 cm long in the x direction, 22 cm wide in the y direction and 30 cm high in the z direction. Stainless steel with a thickness of 2 cm is used as the wall of the cavity. The quartz plate (dielectric permittivity ε d = 3.78), 44 cm long, 20 cm wide and 1.4 cm thick, is located between the diffraction grating and the plasma layer. A specially designed wave-mode conversion device is placed on the top of the quartz plate [10] . Microwave power through a rectangular waveguide (R22) is provided to the resonant chamber by a 2.45 GHz magnetron with the input power varied from 0.1 kW to 1 kW. The magnetron is equipped with a water circulator to avoid power reflection damage. Argon gas (purity of 99.999%) is used as the working gas. The gas flow for argon is controlled by a gas-flow controller (D07-7C/ZM) with a maximum flow limit of 500 sccm. The gas pressure in the discharge cavity is monitored by two vacuum gauges with different scopes of gas pressure measurement (0.1 Pa to 500 Pa and 500 Pa to 10 kPa) and is maintained at a certain pressure by adjusting the control valve connected to a vacuum pump (2X-4). The plasma diagnostic is performed using a single cylindrical probe made of stainless tungsten thread with diameter of 0.02 cm and tip length of 0.3 cm.
Operation of experiments
When argon gas is injected into the cavity, microwave power is applied to the proposed SWP and a homogeneous plasma is generated below the whole quartz slab. Maintaining an argon gas pressure of 35 Pa with an input power of 200 W, we can generate an over-dense plasma with a 14×36 cm 2 uniform area. The plasma density of 1.04×10 18 m −3 and the electron temperature of 2.3 eV are examined by a Langmuir probe measurement. The plasma parameter can be adjusted by altering gas pressure and applied power.
The present experiments will be operated as follows. When an SWP is produced, a two-step procedure is carried out. In the first step, the discharge is stabilized by maintaining the required gas pressure and incident power, and the discharge stability is also monitored by a digital camera from the side observation window. The second step is performed by the Langmuir single probe to measure the parameter of the plasmas, such as electron density n e , electron temperature T e , and so on. Detailed measurement and data processing of the V -I curve of the Langmuir probe to analyze the distribution of plasma parameters are beyond the scope of the present work and have been presented in previous reports [14] . The probe is discharge-cleaned before data are taken. The probe voltage is swept at 0.1 V increments from −30 V to +25 V. The current at each point of the sweep is digitized 20 times and the average is recorded to further reduce the noise.
3 Experimental results and discussions
Results with different discharge conditions
The discharge conditions can be controlled by adjusting gas pressure and applied power. Fig. 1 shows the electron temperature distribution with different gas pressures at 15 Pa increments from 35 Pa to 95 Pa, and different incident powers at 100 W increments from 400 W to 800 W. The probe tip is placed at x = −12 cm, y = 0, and z = 3.5 cm under the quartz plate. The amplitude distribution of the electron temperature is obtained, which decays with increasing gas pressure or increasing incident power, as shown in Fig 1 . With increasing gas pressure or incident power, the values of electron temperatures exhibit nonlinear variation. Fig. 2 shows plasma density distribution with the same discharge inputs and measurement position as used in Fig. 1 . The amplitude distribution of the plasma density is obtained, which decays with increasing gas pressure but increases with increasing incident power, as shown in Fig. 2 . With increasing gas pressure or incident power, the values of plasma density also exhibit nonlinear variation. Similar results to the plasma potential voltage can also be obtained. Fig. 3 shows the potential voltage distribution for the same discharge condition inputs and measurement position as used in Fig 1. The amplitude distribution of the potential voltage is obtained under a lower gas pressure or a lower incident power, which decays with increasing gas pressure, but increases with increasing incident power, as shown in Fig. 3 . But the variation becomes chaotic as the input power becomes higher than 600 W or the gas pressure gets larger than 60 Pa except for incident power between 450 W and 600 W.
When the gas pressure increases, the mean free distance of the electron will be shortened, which will further induce more frequent electron collision with neutral particles within a unit journey. The energetic electrons will lose more energy when they propagate from the heating position to downstream at higher gas pressure. The electron temperature decays with increasing gas pressure. The electron temperature decreases with increasing incident power, which might originate from the following two effects. On one hand, the higher the input power, the denser the plasma, as shown in Fig. 2 . The energetic electrons are easily collided with particles and lose more energy, which heats the plasma to overdense and causes the electron temperature to decrease. On the other hand, a higher incident power would make a denser plasma locate near the quartz plate, and the heating layer much closer to the quartz plate. Then the energetic electrons travel a longer distance from the heating layer to 3.5 cm along the z-axis, and thus lose more energy to become cold electrons. The variational trend of plasma potential voltage versus pressure and incident power also stem from the above two effects. The density is taken downstream and is also higher than the threshold of resonant density, 3.7 × 10 17 m −3 , which suggests again that the proposed plasma source is operating under the surface-wave discharge based on SPPs [8, 9] . It is proved that the plasmas needed in various applications can be obtained by controlling the incident power and gas pressure.
Plasma parameters in the vertical direction
Next, we will examine plasma parameter distributions in the vertical z direction. The discharge conditions can also be adjusted by varying the gas pressure and applied power. Fig. 4 shows electron temperature distribution for different incident powers (Fig. 4 (a) , gas pressure of 60 Pa) and different gas pressures (Fig. 4  (b) , incident power of 500 W), in which the probe tip is placed at positions of x = −12 cm, y = 0 cm, with z being varied at 2.0 cm increments from 3.0 cm to 9.0 cm under the quartz plate. For different gas pressures and different incident powers, the values of electron temperatures decrease along the positive z-axis, as shown in Fig. 4 . Similar results to plasma density can also be obtained. Fig. 5 shows plasma density distribution. The discharge inputs and measurement operation are the same as those in Fig 4. The amplitude distribution of the plasma density decay along the z-axis, under different discharge conditions, is shown in Fig 5. Fig. 6 shows plasma potential voltage distribution. The discharge inputs and the measurement position are also the same as those used in Fig. 4 . The amplitude distributions of the plasma potential voltage also decay along the z-axis, but their values deviate slightly from each other. The distributions of plasma density shown in Fig. 5 decay exponentially, suggesting that the measured plasma parameter is located downstream. Moreover, we believe that resonance takes place between the surface waves of SPPs and the electron plasma waves, due to the spatial inhomogeneity of the plasma density. The resonance mainly manifests as large peaks of the surface wave electric field, which will induce the electrons to be pulled or pushed by the strong electric field. These electrons aggregated locally absorb the energy of SPPs in the pull or push process, and synchronously extend the size of the strong field region from 0.5 mm to the order of some millimeters [12] . The heating layer in our plasmas is located at approximately 1.0 cm along the z-axis, and the electrons there are accelerated. When the energetic electrons leave the heating layer, ionization will take place. Then the plasma density will reach its maximum amplitude at about 2.0 cm along the zaxis, and after that the plasma downstream is mainly maintained by the diffusion effect.
Electron energy distribution function
To further identify the character of plasmas, the electron energy distribution function (EEDF) is analyzed. Fig. 7 shows EEDF distribution by means of the Druyvestyn technique [14] , in which the curves are presented on a semi-logarithmic scale. As for the curve deduced at 3 cm along the z-axis, the EEDF is not a single-Maxwellian distribution, but can be expressed as a bi-Maxwellian distribution, that is, a sum of two Maxwellian distributions of bulk temperature T b (=T e ) and tail temperature T t (> T b ). A distribution function is constructed by summing the "hot" and "cold" Maxwellians. The electron density is then the sum of the densities of the two groups. The contribution of the hot distribution to the density can also be deduced from EEDF curves. As shown in Fig. 7 , the hot beam population reaches a maximum at energy of about 10.0 eV, with 7% of the bulk plasma population having an electron energy of lower than 3.0 eV. But to address the concern, the curve deduced at 7 cm along the z-axis shows that the EEDF can be approximated by a singleMaxwellian distribution. EEDF may be rather specific to the discharge conditions, which can be analyzed by a group of Boltzmann equations in fluid models of gas discharge to describe the transport of electrons, ions and possibly other reactive particle species. HAGELAAR G J M, et al. [15] have developed a user-friendly Boltzmann equation solver, which is freely available to the discharge modeling community with the name BOLSIG+. In order to obtain the EEDF at the discharge conditions of 400 W, 50 Pa and 3 cm along the z-axis, the reduced electric field E/N (ratio of the electric field strength to the gas particle density) should be calculated first. The natural particle density N is governed by
where P g = 50 Pa is the gas pressure, κ = 1.38 × 10 −23 J/K is the Boltzmann constant, and T g is the gas temperature (here it is 300 K). The power density p (ratio of the power strength to the volume) can be expressed in terms of
where E is electric field, σ = n e e 2 /(m e ω) is the plasma conductance (under the assumption that collision frequency is neglected), P =400 W is incident power, A ≈ 9.0 × 10 −2 m −2 is the power deposit area, and l is the depth of surface waves. As for our plasma source excited by SPPs, the surface waves mainly lie in the heating layer (resonant place) and the half-width of the strong field (=l) is approximately 4 mm [12] . To substitute these values into Eqs. (1) and (2), a reduced electric field E/N of approximately 70
With BOLSIG+ software, input E/N =70 T d and a reduced field-frequency ω/N=1.27×10 −12 m −3 s −1 , the simulated curve of the EEDF is also shown in Fig. 7 . As we know, the momentum-transfer frequency depends strongly on the electron energy, which leads to large differences in the shape of the EEDF. The electric field with high-frequency oscillations influences remarkably the shape of the EEDF, as shown in Fig. 7 . For the similar curve trend obtained by comparing experimental and simulation results, it is indicated that the biMaxwellian EEDF distributions are due to the fact that plasmas located near the heating layer are excited by surface waves of SPPs. But the EEDF of plasmas far from the heating layer tends to single-Maxwellian distribution, which again proves that the plasmas located downstream originate from a diffusion effect.
Conclusions
In summary, the plasma parameters of the planartype SWPs based on the resonant excitation of SPPs is investigated. First, an SWP source and its working performance is recalled. Then, the operation of experiments is presented. After that, the plasma parameter distributions are obtained by changing the discharge conditions. The measured experimental results show that the plasma near the heating layer is excited by the surface waves of SPPs while the plasmas downstream originate from diffusion. Furthermore, the influence of high-frequency oscillations of SPPs is the main reason for bi-Maxwellian EEDF distributions of the plasma near the heating layer. These results offer some constructive references for applications of the proposed SWP source.
